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ABSTRACT 

Changes in the oomycete  Phytophthora infestans in 

the  Uni ted  Sta tes  and o the r  par ts  of  the world pose  a sig- 

n i f icant  th rea t  to  po ta to  product ion.  A cont inual  evalua-  

t i o n  o f  p o t a t o  c l o n e s  f o r  r e s i s t a n c e  to  l a t e  b l i g h t  is 

necessary  to ident i fy  clones wi th  res is tance  and to  moni- 

t o r  the  stabil i ty o f  res i s tance  in light o f  the  emergence  o f  

new and more aggressive strains of  this pathogen. Twenty- 

two po ta to  clones (10 cul t ivars  and 12 se lec t ions )  were  

eva lua ted  in 1997 for  la te  bl ight  res is tance a t  seven  U.S. 

l o c a t i o n s .  S e v e n  l a t e  b l i g h t  d i f f e r e n t i a l s  (RIR2R3R 4, 

RIR2R4, R1R3R4, R3, Rs, R10, and Rmult i) were  also included 

in the  t es t  a t  five o f  these  locations.  The US-8 s t ra in  o f / ' .  

infestans was p r e sen t  a t  all  locat ions.  Pe r cen t  in fec ted  

fol iage was r ecorded  a t  approx imate ly  week ly  in te rva l s  

fo l lowing  the  onse t  o f  d i sease .  A r e a  unde r  the  d i sease  

p rogres s  curve  (AUDPC)  was  calcula ted.  The nonpara- 

metr ic  s tabi l i ty  s ta t is t ics  mean  absolu te  rank  differences 

(S(1)i) and var iances  of  the ranks  (S(2)i) w e r e  used to  ana- 

lyze phenotypic  stability. Al though ne i the r  of  these  sta- 

t is t ics  was significant  for  individual  clones,  both o f  these  

s tat is t ics  were  significant when summed over  clones, indi- 

cat ing the  impor tance  o f  genotype  x env i ronment  inter-  

act ions on the  rmakings o f  these  c lones  across locations.  

The most  la te  bl ight-resistant  and susceptible clones were  

the mos t  s table;  clones in the  i n t e rmed ia t e  ranges  were  

most  subjec t  to  rank  changes due to  genotype x environ- 

ment  in te rac t ions .  The most  l a te  b l ight - res is tant  clones 

were  AWN86514-2, B0692-4, B0718-3, and B0767-2. The 

m o s t  su scep t i b l e  c lones  w e r e  B0811-13, B1004-8 , Nor- 

Donna ,  and  Kran tz .  AUDPC was  v e r y  low for  t he  l a t e  

bl ight  d i f ferent ia ls  R s and Rmulti, modera te ly  low for  R l0 

and very high for  the remaining differentials .  This study is 

impor tan t  in character iz ing the  r eac t ion  o f  po ta to  clones 

to new s t ra ins  o f P .  infestans. 
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INTRODUCTION 

Potato late blight, caused by Phytophthora infestans 

(Mont.) de Bary, is one of the most important diseases of pota- 

toes worldwide (Fry and Goodwin 1997). Late blight is a rapidly 

developing and destructive disease, capable of destroying a 

potato field in less than five days under conducive weather con- 

ditions. The migration of xdnfient and metalaxyl-resistant swains 

of this pathogen in the last two decades has caused epidemics 

in North America, Europe, and other parts of the world (Fry et 

al. 1993). Prior to 1980, strains ofP. infestans outside of Mexico 

were the US-1 genotype (Fry et al. 1993), an A1 mating type, 

which was sensitive to metalaxyl, the only fungicide available 

that could slow the progress of an established epidemic. Resis- 

tance to metalaxyl first appeared in Europe (Davidse et al. 

1981) in 1980 and was subsequently found in the United States 

and Canada in the late 1980's (Deahl et al. 1991). Almost con- 

current with the appearance of resistant isolates was the dis- 

covery of the A2 mating type of P. infestans in many parts of 

the world (Gisi and Cohen 1996). With both mating types pre- 

sent in European fields, the pathogen has been shown to repro- 

duce sexually (Drenth et al. 1995; Sujkowski et al. 1994). Sexual 

reproduction has the potential to greatly increase the genetic 

variation of this pathogen population and make control even 

more difficult. 

Beginning in 1996, the United States Department of Agri- 

culture, Agricultural Research Service, in cooperation with sci- 

entists in eight states, initiated a National Late Blight Germplasm 

Evaluation Trial to screen potato clones for resistance to these 

new swains ofP. infestans. Sixteen clones were evaluated. Sev- 

eral selections from U.S. breeding programs were highly resis- 

tant to the US-8 genotype ofP. infestans present at all eight test 

locations. No evidence for genotype x environment interactions 

was found on late blight reactions as measured by ranking 

clones by area under the disease progress curve (Haynes et al. 

1998). 

This study is a continuation of the National Late Blight 

Germplasm Evaluation Trials. In addition to the clones tested in 

1996, six clones were evaluated for the first time; three of these 

new clones reportedly have some resistance to late blight 

(B0288-17 [K.G. Haynes, pers comm], Dorita [Platt and McRae 

1990], and Robijn [Colon et al. 1995]). The objectives of this 

study were (1) to identify clones with resistance to late blight 

and (2) to examine the phenotypic stability of the expressed 

resistance across U.S. environments in 1997. 

MATERIALS AND METHODS 

Twenty-two potato clones, consisting of 12 numbered selec- 

tions from U.S. breeding programs and 10 cultivars, along with 

seven late blight differentials ([R1R2R3R4 = PI 215618], [R1R2R 4 

-- PI 215623], [ R1RaR 4 = PI 215621], [R 3 = PI 423653], [R s = PI 

303149], [RI0 = P1423656], and [Rmulti=P1303150]) obtained from 

the NRSP-6 collection at Sturgeon Bay, WI, were established in 

tissue culture and tested for potato viruses A, X, Y, M, S, and 

leafroll using ELISA, and potato spindle tuber viroid using cDNA 

techniques by Agdia (Agdia, Inc., Elkhart, IN). None of the 

viruses nor the viroid were detected, with the exception that 

most of the clones were infected with PVS. Plantlets were 

micropropagated and approximately 200 plantlets of each clone 

were transplanted into Jiffy Mix (Jiffy Products of America, Inc., 

West Chicago, IL) in the greenhouse at Beltsville, MD, during the 

fall of 1996. In early December, minitubers were harvested from 

these plants. Fifteen minitubers of each clone and differential 

were distributed to cooperating scientists at nine locations 

across the USA for planting and evaluation. A listing of the seven 

locations from which data were obtained, soil type at the loca- 

tion, the planting date, and evaluation dates for late blight is 

given in Table 1. No late blight developed at the California loca- 

tion. The results from the Wisconsin location were confounded 

with a severe early blight infestation and are not presented here. 

The differentials failed to emerge promptly in Florida and there- 

fore, are not included in the statistical analysis of the clones. 

Minitubers of the clones and differentials were planted in a 

randomized complete block design consisting of three replica- 

tions of five hills at all sites. Every other row or every third row 

in the field was planted with Russet Burbank to be used as a 

spreader row, except for Florida, where Red LaSoda was 

planted in place of Russet Burbank, and New York, where no 

spreader rows were used. All locations inoculated the plots with 

their own US-8 strains of P. infestans (A2 mating type, meta- 

laxyl-resistant)(Goodwin et al. 1995) except for Florida and 

Maine, which relied on natural infestations for late blight, caused 

also by the US-8 strain. 

Plants were evaluated for late blight at frequent intervals, 

no less than weekly, during the epidemic. Late blight readings 

were recorded on a plot basis as either the percent infected 

foliage or by the Homfall-Barratt scale (1945). Horsfall-Barratt 

ratings were converted to a percentage value using the Eli Lilly 

tables, which are statistically derived (Redman et al. 1969). Area 

under  the disease progress curve (AUDPC) was calculated 
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TABLE 1--Locations of  the late blight trials in  1997, soil type, date plots were planted, 

date plots were inoculated, and dates plots were evaluated fo r  late blight. 

Location Soil Type Planting Date Inoculation Date Evaluation Dates 

Hastings, FL Wabasso sand February 21 NA 3/25, 3/31, 4/4, 4/9, 4/16 
Bath, MI muck June 6 7/20 7/22, 7/29, 8/1, 8/4, 8/13, 8/18, 

8/25 
Presque Isle, ME gravelly loam June 7 NA 9/11, 9/16, 9/20 
Rosemont, MN silt loam June 9 8/14 8/25, 8/29, 9/1, 9/7, 9/17 
Prosper, ND clay loam May 27 7/16 8/1, 8/8, 8/15, 8/22, 8/29 
Freex411e, NY gravelly lom'a June 30 8/14 8/17, 8/22, 8/26, 8/29, 9/2 
Rock Springs, PA clay loam June 6 8/11 8/27, 9/3 

NA - plots were not inoculated. 

(Shaner and Finney 1977) and subjected to standard analysis of  

va r i ance  using the  genera l  l inear  mode ls  p r o c e d u r e  in SAS 

(1987) by location. Heterogeneity of  variance was tested using 

Bartlett 's test (Bartlett 1937). 

Mean AUDPC was calculated for each clone and differential 

at each  locat ion,  but  only  the  c lones  were  ranked  on m e a n  

AUDPC from lowest  to highest within locations. These rankings 

were  analyzed for the nonparametr ic  measures  of  phenotypic  

stabililty developed by Huehn (1990): mean absolute rank dif- 

ference and variance of  the ranks. The PC-SAS program devel- 

oped by Lu (1995) was utilized for these analyses. A box  and 

whisker plot of the ranldngs of  AUDPC within locations for each 

clone was then drawn (Axum 1999). 

RESULTS AND DISCUSSION 

Area under  the disease progress  curve for the 22 c lones  

tes ted was analyzed separately for each location. There were  

significant differences be tween  clones for AUDPC at each loca- 

tion (Table 2). Bartlett 's test  indicated that heterogeneity of  vari- 

ance be tween  locations was significant 

~2 = 188, P<0.01). Therefore, data were  

not combined across locations for fur- 

the r  p a r a m e t r i c  analyses .  The  e r ro r  

variances ranged f rom a low of 1365 at 

PA to a high of  43,494 at ND. The coef- 

ficient of variation ranged from a low of 

13 at MN to a high of  70 at ME. There 

was little late blight infestation in ME, 

which relied on natural infestation for 

testing. Distr ibut ion of  the late blight 

infestation among plots at the other  six 

sites, all of  which were  inoculated with 

P. infestans except  FL, was more uni- 

form than at ME. 

The mean  AUDPC and the ranking of  the 22 clones within 

locations are presented in Table 3. Mean AUDPC ranged from a 

low of 96 in ME to a high of 1086 in MN. The low mean AUDPC 

in ME is again indicative of low late blight infestation, which may 

have been due to lack of  inoculation, a lack of favorable envi- 

ronmental  conditions for P. infestans, or both. 

A box and whisker plot of the ranldngs of  the clones across 

locations is given in Figure 1. The median ranking for each clone 

is indicated as a solid line within each box. For  our discussion, 

clones were  arbitrarily assigned to one of  four  categories based 

on the median rankings as resistant (median ranking < 6), mod- 

erately resistant (6< median ranldng < 12), moderately suscep- 

tible (12 < median ranking < 18) and susceptible (18 < median 

ranking). The most  late blight-resistant clones were from U.S. 

breeding programs (AWN86514-2, B0692-4, B0718-3, and B0767- 

2) (Table 3; Figure 1), in agreement  with the results of the 1996 

trial  r e p o r t e d  by Haynes  et  al. (1998). Of  the  three  en t r ies  

(B0288-17, Dorita, Robijn) that reportedly had some resistance 

to late blight that  were  new to the trial this year, the median 

TABLE 2--Analysis  of  varianee on area under the disease progress curve (AUDPC) and the coefficient of  variation by location fo r  

22 potato clones evaluated for  late blight resistance in  the United States during 1997. 

Source FL ME MI MN NY ND PA 

Rep 30396 44715** 31325 68482* 638 152927* 1081 
Clone 168849** 19250** 498164** 1354089** 65614** 492635** 66501** 
Error 19241 4546 35666 20384 1811 43494 1365 

Coefficient 
of variation 34 70 25 13 14 26 15 
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TABLE 3~Mean area under the disease progress curve (A UDPC) for each of 22 potato clones evaluated for  percent foliar late blight 

at seven locations across the United Slates in 1997 and the rankings of AUDPC (RANK) within locations. 

FL ME MI MN 

Clone AUDPC RANK AUDPC RANK AUDPC RANK AUDPC RANK 

NY ND PA 

AUDPC RANK AUDPC RANK AUDPC RANK 

AO80432-1 315 8 230 20 951 13 1486 16 401 18 774 13 356 18 
AO84275-3 468 12 143 17 845 10 1157 10 315 11 698 10 275 12 
A84118-3 179 5 41 5.5 1163 21 1437 15 338 14 685 9 328 15 
AWN86514-2 51 3 5 4 20 2 7 1 85 3 247 2 6 1 
B0288-17 191 6 55 10 84 4 506 6 161 5 669 8 78 5 
B0692-4 32 2 2 3 14 1 26 2 63 1 303 3 7 2.5 
B0718-3 131 4 1 1.5 188 5 27 3 95 4 315 4 15 4 
B0749-2F 673 20 68 11 1021 17 1180 11 387 17 964 18 338 16 
B0767-2 15 1 1 1.5 38 3 50 4 73 2 190 1 7 2.5 
B0811-13 434 11 242 22 1123 19 1772 18 511 20 1280 19 391 19 
B1004-8 771 21 126 16 1181 22 2018 22 559 22 1741 22 496 22 
BERTITA 220 7 97 14 507 6 1150 9 281 9 535 6 257 11 
BZURA 368 9 41 5.5 773 8 488 5 234 7 403 5 112 6 
COO83008-1 489 15 96 13 840 9 1787 19 329 13 957 17 341 17 
DORITA 592 18 206 19 681 7 1653 17 355 16 859 15 286 13 
ELBA 382 10 102 15 1012 16 1230 12 297 10 925 16 292 14 
GRETA 481 14 82 12 1043 18 839 8 218 6 766 12 149 7 
KRANTZ 550 17 198 18 988 15 1903 20 486 19 1369 20 414 20 
LIBERTAS 538 16 52 8 942 12 1411 14 325 12 788 14 188 8 
NORDONNA 910 22 236 21 1145 20 1995 21 544 21 1493 21 420 21 
ROBIJN 477 13 44 7 851 11 597 7 270 8 650 7 252 10 
STOBRAWA 637 19 54 9 958 14 1377 13 348 15 705 11 251 9 
MEAN 405 96 744 1086 303 787 239 

r a n k i n g  of  B0288-17 and  Robi jn  we re  a m o n g  the  m o d e r a t e l y  

res i s tan t  clones along wi th  AO84275-3, Bertita, and  Bzura. The 

med ian  ranking of  Dori ta  p laced  it among  the  modera te ly  sus- 

c ep t i b l e  c lones  a long  w i t h  AO80432-1, A84118-3, B0749-2F,  

COO83008-1, Elba, Greta, Libertas,  and  Stobrawa.  There  was  lit- 

fie variat ion for the  ranking of  NorDonna  across  locations; it was  

c o n s i s t e n t l y  r a n k e d  in t he  s u s c e p t i b l e  c a t e g o r y  a l o n g  w i t h  

B0811-13, B1004-8, and  Krantz. 

Two nonparame t r i c  s ta t is t ics  developed by Huehn  (1990) 

are i ndependen t  of  the  genotypic  value, namely  S(I)i, wh ich  mea-  

sures  the  mean  absolute  r ank  differences of a clone over  all loca- 

t ions ,  and  S(~)i, w h i c h  m e a s u r e s  the  c o m m o n  v a r i a n c e  of  t he  

ranks.  Nei ther  of  these  s ta t is t ics  was  significant for  individual  

c lones  (Table  4); however ,  w h e n  s u m m e d  ac ross  c lones  they  

were  significant, indicat ing tha t  there  was genotype  x environ-  

m e n t  in terac t ion on  the  rankings  of  the  clones. The impor t ance  

of  genotype x env i ronment  in terac t ions  in this  s tudy is appa ren t  

in Figure 1. In six of  the  c lones  the  interquarti le range, ind ica ted  

in Figure 1 as the  length of  the  box,  was  greater  t han  five r ank  

posi t ions:  A84118-3, B0749-2F, Elba, Greta, Libertas,  and  Sto- 

brawa.  The whiskers  on  the  boxes,  wh ich  indicate  the  distribu- 

t ion  of  the  r a n k s  across  locat ions  minus  outliers, fu r ther  indi- 

ca ted  the  variabil i ty of the  r ank  dis t r ibut ions  in this  par t icular  

test, and  hence,  the  importance of genotype x envi ronment  inter- 

actions.  The whiskers  for AO80432-1, COO83008-1, and  Dori ta  

exceed  the  length  of  the i r  respec t ive  in terquar t i le  range,  indi- 

cating the  t r emendous  variat ion in r e sponse  among the ranldngs 

across  locations.  

Seven late bl ight  differentials were  evaluated at  five loca- 

t ious (Table 5). R s and  Rmmti were  relatively res is tant  to  the  US- 

8 g e n o t y p e .  R10 w a s  m o d e r a t e l y  r e s i s t a n t .  The  r e m a i n i n g  

differentials, involving different combina t ions  of  R 1, R2, R 3 and  

R 4 genes  were  modera te ly  suscept ib le  to  susceptible.  

Clones tha t  were  c o m m o n  to b o t h  the  1996 and  1997 s tudy 

show tha t  t he re  was  a grea ter  interquart i le  range  in the  moder-  

ately res is tant  to  moderately suscept ible  clones in the 1997 study 

t h a n  in the  1996 s tudy  (Haynes  e t  al. 1998). The in terquar t i le  

r a n g e  of  t h e  m o s t  r e s i s t a n t  c l o n e s  (AWN86514-2, B0692-4, 

B0718-3 and  B0767-4) was  similar b e t w e e n  years. A compar i son  

of  the  interquart i le  range  of  the  m o s t  suscept ib le  c lones  is no t  
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TABLE 4--Mean area under the disease progress curve f o r  22 

potato clones evaluated for  percent late blight 

infected foliage at seven locations in  the National 

Potato Germplasm Late Blight Evaluation Trial in  

1997, and the tests of  szgnificance fo r  mean 

absolute rank differences (Z ~i) and variance of  the 

ranks (Z2i ). 

Clone MAUDPC S(1)i Z(1) i S(2)i Z(2)i 

AO80432-1 645 5.52 1.26 23.81 1.04 
AO84275-3 557 3.24 6.51 7.24 4.17 
A84118-3 596 8.86 0.93 53.24 0.65 
AWN86514-2 60 10.29 3.45 76.62 5.07 
B0288-17 249 7.52 0.02 46.81 0.16 
B06924 64 9.05 1.17 61.90 1.80 
B0718-3 110 8.38 0.44 55.48 0.89 
B0749-2F 662 5.81 0.89 23.81 1.04 
B0767-2 53 10.00 2.81 72.90 4.08 
B0811-13 822 8.29 0.37 48.24 0.24 
B1004-8 985 10.48 3.90 79.14 5.79 
BERTITA 435 6.57 0.22 31.00 0.33 
BZURA 346 8.76 0.82 58.90 1.33 
COO83008-1 691 7.62 0.04 43.33 0.04 
DORITA 662 4.95 2.19 18.95 1.74 
ELBA 606 6.19 0.50 26.90 0.68 
GRETA 511 5.81 0.89 24.62 0.94 
KRANTZ 844 8.57 0.61 62.81 1.95 
LIBERTAS 606 4.19 3.83 12.14 3.03 
NORDONNA 963 10.00 2.81 69.90 3.37 
ROBUN 449 6.00 0.68 25.90 0.79 
STOBRAWA 619 7.14 0.01 34.24 0.14 
SUM 34.35* 39.24* 

*The Z statistics are measures of stability. The tests of significance of 
the sum of the Z(1)i or Z(2) i are compared to X 2 value of 33.92. Individ- 
ual Z(1)i or Z(2)i are compared to a Z 2 value of 9.32. 

values of  the  rat ings are small, tha t  minor  fluctuations in the  esti- 

mat ion  of  pe rcen t  infected foliage will be  magnified using a rank- 

ing s y s t e m .  A 5% v a r i a t i o n  in e s t i m a t i n g  AUDPC in t h e  

mid-ranges  cou ld  t ranslate  into  a m u c h  different  ranking f rom a 

5% var ia t ion  in est imating AUDPC in the  low ranges. However,  

Jeger  and  Viljanen-Rollinson (2001) have  suggested tha t  for typ- 

ical s igmoid  d i sease -progress  curves ,  an  es t imate  of  AUDPC 

based  on  two  d a m  points  f rom dis t inct  g rowth  stages provides  

as m u c h  informat ion  as f rom repea ted  measurements .  The vari- 

a t ions  t ha t  o c c u r  in the  inte ,znediate  r anges  of  res i s tance  and  

susceptibi l i ty might  be  of in teres t  to  pa thologis ts  studying vari- 

ous  m e c h a n i s m s  of  par t ia l  r e s i s t ance ,  b u t  for  classifying t he  

r e a c t i o n s  of  c lones  to infect ion,  t he  p r e s e n t  m e t h o d  is com-  

pletely satisfactory.  Studies involving different  mechan i sms  of  

part ial  r e s i s t ance  would not  be  conduc t ed  in the  same m a n n e r  

as  t h i s  s t u d y  to  c lass i fy  t he  r e a c t i o n s  of  t he  c l o n e s  to  t h e  

pathogen.  

In con t ras t  to  the  results  of the  1996 study, there  was  evi- 

dence  for  genotype  x env i ronment  in te rac t ions  on  the  rankings  

of AUDPC for these  22 clones. This may  have  been  the  resul t  of  

having m o r e  c lones  in the  test, and  therefore ,  greater  ability to  

find signif icant  differences; it may  indicate  tha t  there  was  more  

variabil i ty in the  US-8 s t rains  used  to inoculate  these  plots; or  it 

may  ind ica t e  t h a t  t he re  was  g r ea t e r  e n v i r o n m e n t a l  va r i a t ion  

across  the  loca t ions  in 1997 which  affected the  hos t -pa thogen  

interact ion.  Al though no  single c lone con t r ibu ted  significantly 

to this  var iat ion,  it was  poss ib le  to  su rmise  f rom the  b o x  and  

whiske r  plot, t ha t  this  significant overal l  in terac t ion was  arising 

because  the re  was  less var ia t ion in the  rankings  across  environ- 

men t s  for  the  res i s tan t  and  suscept ib le  c lones  compared  to the  

poss ib le  since three  of  the  m o s t  suscept ible  c lones  were  evalu- 

a ted  only in 1997. However,  it does  appear  f rom b o t h  the  1996 

a n d  1997 studies tha t  the  interquart i le  range of the  mos t  resis- 

t an t  and  the  m o s t  suscep t ib le  c lones  in any  given yea r  is less 

t han  the  interquartile range of  the  moderately res is tant  and  mod- 

erately suscept ible  clones.  In general,  c lones tha t  were  res i s tan t  

in  one  locat ion were  res i s tan t  in all. Clones tha t  were  suscepti-  

ble in orie location were  suscept ible  in all. The greates t  var ia t ion 

occur red  in the  in termediate  categories,  as might  be  expected.  It 

is in these  categories tha t  m ino r  differences due to environment ,  

h o s t  genotype,  p a t h o g e n  geno type  or  c o m b i n a t i o n s  of  any  of  

these  factors, will have  the  bes t  chance  of  be ing  expressed.  It is 

also in these  categories,  w h e r e  the  differences  in the  abso lu te  

TABLE 5--Mean area under the disease progress curve f o r  

seven late blight differentials evaluated against 

US-8 Phy toph thora  infes tans  at s i x  locations in  the 

United States during 1997. 

Late Blight 
Differential ME MI MN NY ND PA 

R1R2R3R 4 95 645 1528 460 1016 467 
R1R2R 4 81 906 1707 342 1051 391 
R1P~3R 4 51 745 1262 299 602 286 
R 3 110 1037 1899 560 1538 403 
R s 5 59 0 20 23 2 
R10 28 459 355 280 473 61 
Rmu m 11 35 0 13 0 0 
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moderate ly  resistant and moderate ly  susceptible clones. This is 

compelling evidence of  the need  for national tes ts  of  this kind. 
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